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case of severe trauma or deep cavity the pulp undergoes an irreversible damage. The classic treatment in this case consists of an endodontic eviction of the dental pulp, followed by sealing of the endodontic cavity with a dental material that is supposed to be devoid of biological effect. Dental pulp concomitantly assumes the immune defence, nutrition, sensory and repair functions. A devitalised tooth is devoid of sensitivity and vascularisation. This makes it prone to fractures, often leading to premature tooth loss or infectious complications such as periapical periodontitis. These affections may lead to a bacterial swarming in the body, a door opened to serious diseases, such as infectious endocarditis, nephropathies or rheumatic fever. Medicine today envisioned the development of new therapeutic approaches through biotherapies. This involves the treatment of a damaged organ or tissue by cells (cell therapy), genes (gene therapy) or biomolecules, either combined or not with a biomaterial. Data obtained over the last decade have led to a better understanding of the biological properties of the dental pulp and its cells. 1 They now allow considering the development of new biotherapies for some of the dental lesions. Indeed, it has long been known that pulp possess a regenerative potential but the cells and mechanisms involved in the process had remained matter of debate. 2 In 2000, the first description of the presence in the pulp of cells endowed with classical mesenchymal stem cell properties 3 has allowed understanding of mechanisms involved in pulp repair to progress. Since then, numerous studies have Teeth assume an aesthetic and major functional role in the body. They are the keystone of the smile, of the support of the lip and of the dento-alveolar harmony. However, by their anatomical situation they can be the subject of many aggressions such as trauma, cavities, decay or wear. In
The development of new therapies, the biotherapies, can now be envisioned in dentistry thanks to the important development of research in the stem cell and biomaterial fields. Indeed, the recent discovery of stem cells in different tissues of the body, and in particular in the dental pulp, should allow the development of new therapeutic approaches for pulpo-dentinal lesions. In case of moderate pulp injury, the stimulation by biomolecules of pulp stem cells located in the remaining pulp is the approach to be considered. In case of more severe lesions requiring a total removal of pulp tissues, a cell therapy could be considered. The objective of this article is to present these innovative therapeutic approaches for the future of dentistry.
confirmed that a subpopulation of pulp cells, dental pulp stem cells (DPSCs), displayed the classical properties of mesenchymal stem cells that is, self-renewal and the capacity to differentiate towards different lineage, for instance bone, cartilage and adipocytes, similar to bone marrow stromal cells. 3, 4 Highlighting of stem cells in the adult dental pulp has paved the way for research aimed at developing biotherapies that will use the potential of these cells to repair dental damage but also perhaps craniofacial lesions, since DPSCs are also capable of bone repair. To date, depending on the clinical situation, two types of biotherapies can be envisioned in case of injury of the pulpodentinal complex. Upon moderate injury, recruitment and stimulation of the stem cells that persist in the remaining healthy pulp via biomolecules, is the approach to consider. Initially treated by capping with calcium hydroxide and more recently by cements silicate calcium (MTA®, Biodentine ®), 5-7 the addition of biomolecules to these materials could aid the repair process and enable a better treatment of larger pulp injuries. In the case of more severe pulpal lesions, deemed as irreversible and which require a total eviction of the pulp, cell therapy may be considered. It would consist of implantation of an artificial pulp tissue formed from pulp stem cells in the evicted pulp chamber.
BIOTHERAPIES BY STEM CELLS ACTIVATING BIOMOLECULES
This approach aims at developing biological treatments to restore/regenerate the pulp functions after injury by implanting • Provides an overview of important developments in stem cell research and biotherapies.
• Presents innovative therapeutic approaches for the future of dentistry. 
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biomolecules in the pulp, which will enhance its natural repair ability. The extracellular matrix (ECM) proteins of mineralised tissues such as enamel, bone or dentine display protein domains sequence of amino acids with a specific function capable, for some, of inducing or repressing biomineralisation 8, 9 and for others of inducing pulp cell proliferation 10 or of inducing the differentiation of odontoblast precursor cells. 9 For now, as the proof of principle of the efficacy of such peptides in the stimulation of dentine repair has been made in animals, [9] [10] [11] [12] transfer towards clinical applications requires the establishment of partnerships between academic researchers and industries for financing and organising large scale studies. Such collaborations should allow the development of support materials for biomolecule implantation adapted for the dental practice, but also the initiation of preclinical and clinical studies required to validate and clarify the optimal conditions for their use in human therapy.
CELL BIOTHERAPIES
Cell therapy aims at restoring the functions of an injured tissue or organ by implanting cells previously amplified in vitro to initiate a repair process. To date, bone marrow stem cells (haematopoietic or mesenchymal) appear as the reference point in this context. While cell therapy approaches have begun to be envisioned in several medical fields, for instance the treatment of major burns, the use of stem cells in odontology is not yet developed. The tooth is an ideal target in the context of cell therapy since it is a relatively isolated organ where the risk of a spreading of implanted cells is restricted as compared to more exposed tissues. Indeed, the uncontrolled swarming of multipotent cells present a risk of ectopic differentiation or, more rarely, of tumour formation. In addition, the dental pulp is a reservoir of mesenchymal stem cells more accessible than the bone marrow. These cells can be obtained without major trauma from, for example, temporary teeth just exfoliated, premolars or molars extracted for orthodontic reasons. Several stem cell populations have been described in the pulp, suggesting the existence, as in the bone marrow, of a hierarchy of progenitors endowed with more or less differentiation potential (Fig. 1) . 3, [13] [14] [15] Dental pulp stem cells are obtained from the pulp according to isolation procedures that differ between laboratories (enzyme digestion versus explant culture) and selected on the basis of their expression of surface markers common to mesenchymal stem cells (STRO-1+, CD146+...) . The stem cells from deciduous teeth and stem cells from human exfoliated deciduous teeth (SHEDs) seem particularly interesting in the context of cell therapy because they present a high proliferation potential and a wider differentiation ability than those isolated from permanent teeth. 16, 17 Cell therapy of a severely injured pulp would consist of implantation of an artificial tissue formed by a three dimensional matrix seeded with pulp stem cells in the evicted pulp space. The aim would be to maintain the vitality of the tooth due to the formation of a vascularised and innervated neotissue. This approach should evade disadvantages associated with classic endodontic treatment. The development of an artificial pulp tissue however requires:
• The rapid neovascularisation of the implanted tissue, which is a known prerequisite for tissue maintenance • The differentiation of the stem cells in odontoblast-like cells and their deposition of new dentine on the existing dentinal walls of the pulp chamber.
Despite the difficulties and questions still raised by implantation of an artificial tissue in the pulp chamber (enclosed space, severe hypoxia, difficulty in tracking the implanted cell fate by conventional methods of imaging in a highly mineralised tissue), this new therapeutic approach is currently being evaluated by several research teams through the international scientific community and its proof of concept has already been achieved in animals. [17] [18] [19] [20] Other uses of DPSCs for cell therapy should also be considered since these multipotent cells are able to engage in osteogenic, chondrogenic, adipocyte, endothelial or neuronal differentiation programmes through specific inductions. 1 This ability places the DPSCs as alternative agents to bone marrow mesenchymal stem cells and may extend their therapeutic potential to other tissues than those of the tooth.
1 Several pre-clinical and clinical trials involving pulp stem cells are underway. 20 The first published trial showed that implantation of collagen sponges seeded with dental pulp cells in a mandibular bone defect allowed a bone to heal faster and more extensively than in the untreated control portion of the mandible.
21
CONCLUSION
Treatment of pulpo-dentinal lesions by biotherapies involving either an activation of pulp stem cells via biomolecules or by direct implantation of such cells opens up innovative therapeutic areas. Depending on the choice of governmental instances (autograft versus allograft) and the position of ethics committees, the therapeutic use of adult pulp stem cells could be developed in humans from the establishment of cell banks 
